The objectives of this research are to use micro-and nanomaterials to modify the asphalt mixture and to evaluate the mechanical performance of asphalt mixtures. These micro-and nanomaterials, including carbon microfiber, Nanomer material, nanosilica, nonmodified nanoclay, and polymer modified nanoclay, were selected to blend with the control asphalt to improve the overall performance of the modified asphalt binders and mixtures. The microstructures of original materials and asphalt binders were observed by the field emission scanning electron microscope (FE-SEM). The mixture performance tests were employed to evaluate the resistance to rutting and permanent deformation of the modified asphalt mixtures. Test results indicate that (1) the dynamic modulus of micro-and nanomodified asphalt mixtures improved significantly; (2) the rutting susceptibility of the modified asphalt mixtures was reduced significantly compared to that of the control asphalt mixture; (3) the microstructures of modified asphalt binders were different from the control asphalt, and the structures determine the improvement in the performance of modified asphalt mixtures. These results indicate that the addition of micro-and nanomaterials enhanced the rutting performance and strength of asphalt mixtures. In addition, the analysis of variance (ANOVA) was used to analyze the modifying effects of microand nanomaterials on the performance.
Introduction
In the process of asphalt modification, different materials have been utilized to modify the base asphalt and to improve the pavement and mechanical performance of asphalt binders and mixtures. These materials include the styrene-butadienestyrene (SBS) [1] [2] [3] , lime [4, 5] , crumb rubber [6] , biooil [7] , and electronic waste powders [8] . Generally speaking, the SBS modifier was commonly used in the pavement field and the property of SBS modified asphalt was examined by the dynamic shear rheometer (DSR), rotational viscometer (RV), indirect tensile test (ITT), Fourier Transform Infrared (FTIR) spectroscopy, and environmental scanning electron microscope (ESEM) [1] [2] [3] 9] . The copolymer SBS modified asphalt binder underwent an obvious degradation during the aging time (after short-term aging), but SBS did not resist aging, and the addition of antioxidants delays the oxidation of asphalt binders [1] . The moisture susceptibility of the SBS modified asphalt mixture decreased relative to the control asphalt mixture [2] . The ESEM images showed that the adhesion properties between the SBS modified asphalt binder and aggregates improved and the horizontal plastic deformation rates of modified asphalt mixtures decreased [3] . Lime has been applied to improve the moisture susceptibility of asphalt mixtures for many years. The mild aging of asphalt is also useful for the improvement of moisture susceptibility [4, 5] . The crumb rubber was usually produced from the waste tires. The crumb rubber was also used to improve the high-temperature performance of the asphalt and mixtures. This utilization also expanded the usage of waste tires and reduced the environmental impacts [6] . In addition, swine biooil was used to enhance the low temperature of asphalt [7] , and the electronic waste powders were also processed to modify the asphalt to improve the resistance to rutting and the environmental issues [8] .
The utilization of nanomaterials is also a promising method to increase the performance of asphalt mixtures due to many special and unique characteristics of nanomaterials.
It is reported that the nanomaterials were applied to enhance the pavement performance of the asphalt binders, such as carbon nanofibers (CNFs), carbon nanoparticles, subnanosized hydrated lime, nanoclay, and nano-SiO 2 . The data shows that the fatigue life and rutting resistance of CNFs modified binders were enhanced [10, 11] . The carbon nanoparticles at different amounts were used to modify the asphalt binders, which were from five different binder sources. The failure temperature and creep recovery properties of the modified asphalt binders were investigated. The complex shear modulus and failure temperature of the modified asphalt binders increased. In addition, the source of the asphalt greatly affected the performance of modified asphalt [12] . A subnanosized hydrated lime (SNHL), produced from regular hydrated lime (RHL), was selected as an additive to strengthen the moisture susceptibility of WMA. The microstructure pictures (size, shape, and texture) of the crushed lime were observed by a scanning electron microscope (SEM). The indirect tensile strength (ITS) and tensile strength ratio (TSR) were examined to assess antistripping properties and moisture damage of the modified asphalt mixtures. These test results show that the ITS and TSR of WMA with SNHL increased slightly compared to the WMA with RHL. This proves that the size of the modifiers affects the performance of the asphalt binder and mixture [13] . The nonmodified nanoclay (NMN) and polymer modified nanoclay (PMN) were used to modify the base asphalt. The viscosity, shear modulus, and microstructure of the modified asphalt binders were examined [14, 15] . The nano-SiO 2 (silicon dioxide) and SBS were used together to improve the pavement performance of asphalt. The data showed that the asphalt mixture modified by 5% SBS and 2% nano-SiO 2 enhanced the mechanical properties of mixtures [16] .
Normally, some common materials are selected to improve the performance of asphalt mixtures. However, the overall performance of asphalt mixtures has not been significantly increased compared to the control asphalt. Therefore, it is permissible to use the other materials/nanomaterials to modify the asphalt to obtain a better performance of the asphalt mixtures, especially the other materials that are already applied to improve the properties of composite materials in other fields, such as areas in physics or chemistry. It is well known that the carbon fibers enhance the strength and modulus of composite materials [17] [18] [19] . The Nanomer material maintains good heat stability and electrochemical performance of the composite materials [19] . The nanosilica presents good dispersions and high stability of the composite materials [20, 21] . The polymer modified nanoclay may improve the tear and compressive strengths of the composite materials [15, 22, 23] . The nonmodified nanoclay can be applied to improve the mechanical performance and heat resistance of the composite materials [15, 24] . All microand nanomaterials mentioned above are used to successfully improve the performance of composite materials in different industrial fields. Likewise, the hypothesis is to use these materials for asphalt modification. Based on the literature review, these micro-and nanomaterials were barely used in the modification of asphalt mixtures. Therefore, in this research, the carbon microfiber (MCF), Nanomer material, nanosilica (NS), nonmodified nanoclay (NMN), and polymer modified nanoclay (PMN) were selected and added to the control asphalt. The modified asphalt binders and aggregates were mixed and compacted according to the Superpave specifications. The dynamic modulus and asphalt pavement analyzer (APA) rutting tests were employed to evaluate the impact of the micro-and nanomaterials on the modification of asphalt.
Research Objectives
The objectives of this research are to use the micro-and nanomaterials to modify the asphalt mixture and to evaluate the pavement and mechanical performance of the modified asphalt mixtures. These micro-and nanomaterials, including carbon microfiber, Nanomer material, nanosilica, nonmodified nanoclay, and polymer modified nanoclay, were selected to blend with the control asphalt to improve the overall performance of the modified asphalt binders and mixtures. The microstructures of the micro-and nanomodified asphalt binders were examined by a Hitachi SU6600 field emission scanning electron microscope (FE-SEM) with a cryogenic stage. The microstructures of the control and modified asphalt binders may be helpful in explaining the amelioration of the performance of these modified asphalt mixtures. The asphalt mixture performance tests (dynamic modulus test and APA rutting test) were employed to evaluate the properties of micro-and nanomodified asphalt mixtures. Furthermore, the analysis of variance (ANOVA) was used to investigate the level of influence of micro-and nanomaterials on the performance test results.
Materials Preparation and Microstructures
of Micro-and Nanomaterials
Control Asphalt Binder and Modifiers.
The PG 58-34 control asphalt (0.95 g/cm 3 -1.05 g/cm 3 ) used in the research was obtained from Gladstone, Michigan, and modified by acrylonitrile butadiene styrene (ABS). Nanomer material ( Figure 1 ) was produced by Nanocor Inc. in the USA and MCF (Figure 1 ) was shipped from Kureha Co. (Tokyo, Japan). Nanomer is a kind of montmorillonite clay with a surface modification, and it has a platy structure. It features a density of 0.251 g/cm 3 and an aspect ratio of 200-400 nm. The data is from the Nanocor Company. Carbon microfiber has a chiral structure and is produced from petroleum pitch. The tensile strength (670 MPa) and elastic modulus (30 GPa) are tested by the manufacturer [18, 19] . Nanosilica was manufactured by the MTI Corporation (USA) without further treatment ( Figure 1 ). The maximum size of nanosilica is about 30 nm, and the surface area is around 440 m 2 /g. Its bulk density is about 0.063 g/cm 3 [20, 21] . The nonmodified nanoclay (NMN), or the raw nanoclay (a kind of montmorillonite), is a 2-to-1 layered clay mineral and has a platy structure in which one of three dimensions stays at the nanolevel. Conversely, the polymer modified nanoclay (PMN) is nanoclay modified by polysiloxane (Figure 1 ). The polysiloxane oligomer chains are grafted on the surface of raw clay platelets, and one This is the agglomeration phenomenon of the Nanomer material in the air and platy structure. One of three dimensions stays at the nanolevel in some particles.
(a) The SEM image of Nanomer material [14] The carbon microfiber has strong mechanical properties and stays at the microlevel in some particles.
(b) The SEM image of carbon microfiber material Nanosilica has the quartz polymorph and crystalline structure. Agglomeration phenomenon occurs. One of three dimensions remains at the nanolevel in some particles.
(c) The SEM image of nanosilica material
Intercalation and plate structure of nonmodified nanoclay, and one of the dimensions remains at the nanolevel.
(d) The SEM image of NMN material [15] Intercalation, exfoliation, and plate structure of nonmodified nanoclay, and one of the dimensions stays nanolevel.
(e) The SEM image of PMN material [15] Figure 1: The SEM images of Nanomer material, carbon microfiber, and nanosilica materials.
of three dimensions remains at the nanolevel. Therefore, PMN has a different microstructure than the nonmodified nanoclay. The micro-and nanomaterials (2% and 4% MCF, 2% and 4% Nanomer, 4% and 6% NS, 2% and 4% NMN, and 2% and 4% PMN) were blended with the control asphalt binder in the high shear mixer at the conditions of a 140 ∘ C temperature and 4000 rpm speed, or even slightly higher temperatures and shearing speeds. The nanomaterials cannot be exposed to air for a long time due to the agglomeration phenomenon. After two hours of shearing and mixing, the modified asphalt binders were prepared for image testing and the evaluation of the performance. The properties of modified binders were discussed in the authors' previous papers. In this paper, the performance of modified asphalt mixtures will be mainly analyzed and discussed.
Aggregates and Mixture Gradation.
The aggregates used in this study were shipped from Eagle River, Wisconsin. In accordance with the specifications of the Michigan Department of Transportation (MDOT), the 5E3 gradation of aggregates was used in this study and is shown in Figure 2 . In accordance with the Superpave specification, a total of around 66 samples were used and compacted by the Superpave Gyratory Compactor (SGC). Before mixing with the asphalt, the aggregates were dried for at least two hours at the temperature of 165 ∘ C. Based on the viscosities of micro-and nanomodified asphalt, the mixing and compaction temperatures were around 165 ∘ C and 155 ∘ C, respectively. Simple performance tests (dynamic modulus and APA rutting tests) were used to evaluate the high-temperature performance of micro-and nanomodified asphalt mixtures. 
Mixture Test Plan

Dynamic Modulus Tests.
The dynamic modulus is a main parameter of the asphalt mixture. The test results correlated with the permanent deformation and rutting performance of the asphalt pavement used the field effectively and efficiently compared to the other tests based on previous research [25] [26] [27] [28] [29] . In this study, the test was conducted under sinusoidal loading conditions. In accordance with the American Association of State Highway and Transportation Officials (AASHTO) TP62, an IPC universal testing machine was used to test the samples for the dynamic modulus ( Figure 3 ). The test temperatures were −10 ∘ C, 4 ∘ C, 21.3 ∘ C, and 39.2 ∘ C, and the test frequencies were 25 Hz, 10 Hz, 5 Hz, 1 Hz, 0.5 Hz, and 0.1 Hz. The voids of the test samples were around 7% ± 0.5%. In the test, the load levels were obtained from a trial test, and the recoverable strains were maintained between 75 and 125 microstrains. The phase angle and dynamic modulus of the asphalt mixtures were calculated by
where * is the dynamic modulus of asphalt mixtures, 0 is the applied stress, and 0 is the measured strain with linear variable displacement transducers (LVDTs); is the phase angle, is the time lag between the stress and strain cycle, and is the time of a stress cycle.
APA Rutting Test.
The wheel tracking devices in the laboratory are typically designed to simulate a wheel rolling under a constant load on the asphalt mixture samples. The performance of the test samples is correlated to the performance of the field pavement. Based on the research reports [25, 26, 30] , there is an excellent correlation between the laboratory and field data. There are three main tests used in the laboratory wheel tracking devices (asphalt pavement analyzer, Hamburg wheel tracking device, and French rutting tester). In this study, the asphalt pavement analyzer was used to quantify the rutting resistance of micro-and nanomodified asphalt mixtures in accordance with AASHTO TP-63 ( Figure 3 ). The testing temperature was 58 ∘ C with 8000 test cycles. The air voids of the samples were 4% ± 0.5% and the dimensions were 75 mm high by 150 mm in diameter. The hose pressure in the APA was around 100 ± 5 psi, and the load of the wheels on the rubber hoses was 100 ± 5 lb.
Microstructures of Raw Materials and Asphalt.
The microstructures of micro-and nanomaterials modified asphalt binders were examined using a Hitachi SU6600 FE-SEM with a cryogenic condition. Liquid nitrogen was used to freeze the asphalt binder samples, and the test was conducted under the conditions of a −26 ∘ C temperature and 30 Pa pressure. The cryogenic stage in the SEM test was mainly prepared to minimize a heating issue caused by the 20 kV electron beam. It is an effective and direct way to observe the microstructure of asphalt from SEM images. The microstructures of raw materials and asphalt binders also affect the macroscopic performance of asphalt and mixtures.
Test Results and Discussions
Dynamic Modulus Test Results.
The dynamic modulus, a common property of the viscoelastic materials, is a ratio of stress to strain under the oscillatory forces applied to the tested materials. If purely elastic materials are tested, the strain of materials responds simultaneously; however, if purely viscous materials are tested, the strain lags stress by 90 ∘ C ( ) in the phase lag difference. The dynamic modulus can be divided into the storage/elastic modulus and loss/viscous modulus . The storage part of the dynamic modulus represents the elastic portion, and the energy dissipated represents the viscous portion. The dynamic modulus of the micro-and nanomodified asphalt mixtures is shown in Figure 4(a) shows the dynamic modulus * results of MCF modified and control asphalt mixtures at different contents. The dynamic moduli of MCF modified asphalt mixtures are significantly higher than those of the control asphalt mixture. The dynamic moduli of the 2% MCF modified asphalt mixture increase approximately by an average of 35% compared to the control asphalt mixture, and those of the 4% MCF modified mixture increase by an average of 28%. At high temperatures, the dynamic moduli of the 4% MCF modified asphalt mixture are marginally greater than those of the 2% MCF modified asphalt mixture as visible from the trend. However, the dynamic moduli of the 4% MCF modified asphalt mixture are mildly lower than those of the 2% MCF modified asphalt mixture at lower temperatures. This indicates that a high percentage of MCF in the modified asphalt mixture makes the mixture stiff at high temperatures and relatively soft at low temperatures. The rutting susceptibility and the potential of permanent deformation in the MCF modified asphalt mixtures may be reduced relative to the control asphalt mixture. As shown in Figure 7 the control asphalt, and the MCF materials are well dispersed in the asphalt matrix. The tube carbon fibers are filled as support in the asphalt and may also enhance the interaction and adhesion strengths within the asphalt. It is likely that the ribbing structures of micro carbon fibers in asphalt help prevent cracking failure under low temperatures, similar to reinforcing steel in concrete. These effects may lead to an increase in dynamic modulus and an improvement in the resistance to permanent deformation of modified asphalt mixtures. Figure 4 (b) demonstrates the dynamic modulus data trends of Nanomer modified and control asphalt mixtures at different contents. The addition of Nanomer material at different amounts in the asphalt mixture raises the dynamic modulus. The dynamic moduli of 2% and 4% Nanomer modified asphalt mixtures increase by an average of 30% and 25%, respectively. The high-temperature dynamic modulus of 4% Nanomer modified asphalt mixtures tends to be mildly greater than that of the 2% Nanomer modified asphalt mixture. However, when under low temperatures, it is lower than that of the 2% Nanomer modified asphalt mixture. It is likely that the 4% Nanomer modified asphalt concrete is stiffer than the 2% Nanomer modified asphalt concrete at high temperatures. On the contrary, under low temperatures, it is softer than the 2% Nanomer modified asphalt concrete. The rutting resistance and temperature susceptibility of the Nanomer modified asphalt mixture ameliorate relative to the control asphalt mixture. The improvement in the dynamic modulus of the Nanomer modified asphalt mixture is due to the changes in microstructure of the Nanomer modified asphalt binder in contrast with the control asphalt. As seen in the SEM image of Figure 7 (b), the layer structure of the Nanomer was intercalated/exfoliated by the asphalt binder after the addition of Nanomer materials into the asphalt binder. Some Nanomer granules were physically decentralized in the asphalt matrix. A variation in microstructure and chemical reactions in the Nanomer modified asphalt binder might occur relative to the control asphalt binder [15] . The circuitous and expanded "brain" structures in the Nanomer asphalt bring in additional adhesive/cohesive bonds to the aggregates. The granules of Nanomer materials may fill the gap between the aggregates. These phenomena in the modified asphalt induce the improvement in the dynamic modulus in asphalt mixtures, as well as the susceptibility to rutting. Figure 4 (c) displays the dynamic modulus data tendencies of nanosilica modified and control asphalt mixtures at different contents. The addition of NS material into the control asphalt mixture leads to an improvement in the dynamic modulus of NS modified asphalt mixtures. The dynamic moduli of 4% and 6% NS modified asphalt mixtures rise by an average of 30% and 28%, respectively. The 6% NS modified asphalt mixture has a higher high-temperature modulus than the 4% NS modified asphalt mixture from the trend in the modulus. However, it has lower low-temperature moduli than the 4% NS modified asphalt mixture. It is possible that the 6% NS in the modified asphalt mixture may produce a better performance of high-temperature rutting resistance and lowtemperature creep compliance than the 4% NS material in the modified asphalt mixture. From the dynamic modulus data trends, it is likely that the high-temperature performance of the NS modified asphalt mixture was enhanced in contrast to the control asphalt mixture. As shown in Figure 7 (c), some nanosilica granules were scattered in the asphalt matrix. Due to the existence of ABS (silane coupling agent) in the control asphalt and hydroxyl in the nanoparticles, the surfaces of nanosilica materials are converted from hydrophilic to hydrophobic [31] [32] [33] [34] . Contrary to the control asphalt, it is possible that the tree or leaf stem structures of NS modified asphalt produce more contact forces with the aggregates and physically scattered nanoparticles fill the separations between the aggregates. These special structures increase the strength of adhesion in asphalt binders and asphalt mixtures. Therefore, the physical dispersions and chemical reactions between the nanosilica and asphalt binder lead to amelioration of the dynamic modulus of the NS modified asphalt concrete. Figure 4 (d) reveals the dynamic modulus master curves of NMN modified and control asphalt mixtures at different amounts. The control asphalt mixture has smaller dynamic moduli than the NMN modified mixture. The addition of NMN material into the control asphalt mixture increases dynamic moduli around 15%. The moduli of NMN modified asphalt mixtures at different contents are similar in magnitude. It is noted that the dynamic moduli of the 4% NMN modified mixture are relatively higher than those of the 2% NMN modified mixture under low frequencies and high temperatures, but moduli of the 4% NMN modified mixture are lower than those of the 2% NMN modified * / sin results of mixtures at 39.2 ∘ C (left-to-right of one set: control asphalt mixture, 4% NS modified asphalt mixture, 6% NS modified asphalt mixture, 2% Nanomer modified asphalt mixture, 4% nanomer modified asphalt mixture, 2% MCF modified asphalt mixture, and 4% MCF modified asphalt mixture). mixture under high frequencies and low temperatures. A low modulus of asphalt mixtures at low temperatures relates to a positive effect on the resistance to low-temperature cracking of asphalt mixtures [35] . This indicates that the 4% NMN modified mixture is relatively stiffer under high temperatures and softer under low temperatures than the 2% NMN modified mixture. It is likely that the 4% NMN modified asphalt mixture has a superior performance of a high-temperature rutting resistance and a better lowtemperature creep compliance over the 2% NMN modified and control asphalt mixtures. The wrinkly structure of NMN modified asphalt contributes to the increase in adhesive and cohesive energies between the asphalt and aggregate relative to the structure of the control asphalt (Figure 7(d) ).
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Carbon microfiber was well dispersed in the asphalt matrix.
The structure of carbon fiber was relatively stable and the possibility of chemical reactions between the fiber and carbon was relatively low. Furthermore, the tube structure enhanced the mechanical properties of asphalt.
500x magnification (a) SEM/microstructure image of 2% MCF modified asphalt Nanomer material reacted with asphalt, and the Nanomer material was intercalated and exfoliated. Some group particles were still scattered in the asphalt matrix. 500x magnification (b) SEM/microstructure image of 2% Nanomer modified asphalt
The difference in structure between the modified and control asphalt showed the possibility of chemical reactions between asphalt and nanosilica. Part of the nanosilica particles were scattered homogenously in the asphalt matrix.
250x magnification
(c) SEM/microstructure image of 6% NS modified asphalt
Intercalated structure was shown as well as the interaction between the NMN material and asphalt.
500x magnification
(d) SEM/microstructure image of 2% NMN modified asphalt
The interaction between the PMN material and asphalt and the exfoliated or intercalated structure in the modified asphalt.
500x magnification (e) SEM/microstructure image of 2% PMN modified asphalt
The plain structure of the control asphalt binder is shown. Based on the previous study [14] , it is likely that a few ABS particles dispersed in the asphalt because the control asphalt was premodified by ABS. The copolymer structure of the control asphalt binder may also be shown. The physically scattered NMN material in the structure of NMN modified asphalt may fill in the holes of aggregates and can be helpful for the dense structure formation in the asphalt mixture from the microstructure views. Therefore, NMN material in the asphalt mixture may improve the mechanical and pavement performance. Figure 4 (e) demonstrates the dynamic modulus data of the PMN modified and control asphalt mixtures. The PMN modified mixture presents a high dynamic modulus in contrast to the control asphalt mixture. The PMN material in the control asphalt mixture increases the dynamic modulus by 10%. The moduli of the 4% PMN modified mixture are relatively lower than the 2% PMN modified mixture under low temperatures and high frequencies. It is likely that the 4% PMN material in the control mixture presents a better performance of low-temperature and fatigue cracking resistance than the 2% PMN in the asphalt mixture. Due to the exfoliation of PMN in the polymer [15] , the folder zone in the PMN modified asphalt may be useful to adhere to the aggregates (Figure 7(e) ). The overlay structure increases the surface area of asphalt relative to the control asphalt and may enhance the interaction forces between the asphalt and aggregates. Therefore, PMN material in the asphalt mixture may be useful for the rutting resistance. Figure 5 shows the * / sin (rut factor) values of the control, NS, MCF, and Nanomer modified asphalt mixtures at 21.3 ∘ C and 39.2 ∘ C. The * / sin values of these modified mixtures are relatively greater than the control mixture at high temperatures and different frequencies. This indicates that the resistance to rutting of these modified mixtures should be enhanced in contrast to the control mixture. There is an agreement between the outcomes of the dynamic modulus and rut factor of these modified asphalt mixtures. Figure 6 shows the * / sin results of the NMN and PMN modified and control mixtures. The nanomodified asphalt mixtures present high * / sin values in contrast to the control asphalt mixtures. The high * / sin asphalt mixture corresponds to a good resistance to rutting. These findings coincide with the modulus results of NMN and PMN modified and control mixtures. Seen from the microstructure images of asphalt in Figure 7 , the microstructures of micro-and nanomodified asphalt are significantly different from the control asphalt. The surface areas of these modified asphalt binders increase, and this may induce the growth of adhesion energy between the asphalt and aggregates. Based on the literature review [15, 19, 20, 23, 24] , it is likely that the NMN, PMN, nanosilica, and Nanomer materials react with the asphalt. The addition of NMN, PMN, and Nanomer materials in asphalt leads to the formation of intercalated or exfoliated layer structures in the modified asphalt. However, there is a small probability that the MCF material can chemically react with asphalt. The microstructure property of asphalt definitely relates to the macroscopic performance of the asphalt mixture. The high dynamic modulus and * / sin values of these modified asphalt mixtures benefit from the new microstructures of the asphalt binders. Therefore, with regard to the rut factors, the micro-and nanomaterials in asphalt mixtures may improve the resistance to rutting in most cases.
ANOVA Analysis on
* . Micro-and nanomaterials in the asphalt mixtures can improve the dynamic modulus and rutting factors of modified mixtures. In order to evaluate the modifying effects of micro-and nanomaterials on the dynamic modulus of the asphalt mixtures, ANOVA was selected and conducted using the Excel program with a single factor [36] . The analysis data of the dynamic modulus was tested under the different temperatures and frequencies (Section 5.1). In the ANOVA -test, the significance level ( ) was 0.05 (default value) or the 95% confidence interval was used in this study. Table 1 shows the ANOVA results of the modification effects of micro-and nanomaterials on the dynamic Table 2 : ANOVA results of the dynamic modulus * of the microand nanomodified asphalt mixtures.
Source
Influence level (control and modified asphalt mixtures)
Note: the significance level is 0.05; C: control; 1: 2% NMN; 2: 2% PMN; 3: 4% NS; 4: 2% MCF; 5: 2% Nanomer; N: nonsignificant; S: significant. modulus * of the control mixture. The effects of temperature and frequency on * were ignored in the one-way ANOVA analysis. It can be seen that the materials have different levels of influence in all cases. In Table 1 , the value is much less than 0.05 and the value is significantly higher than crit in the case: "C VS 1." This indicates that the NMN material has a significant effect on the improvement of the dynamic modulus in asphalt mixtures. The other materials (PMN, NS, MCF, and Nanomer) can improve the dynamic modulus, but these materials do not have a significant influence on the dynamic modulus from the statistical analysis. Table 2 demonstrates the ANOVA data of the dynamic modulus between two random asphalt mixtures. The effects of improvement of the dynamic modulus between two random groups were analyzed using one-way ANOVA. The NMN material still has a remarkable influence on the dynamic modulus in contrast to the other materials. The level of influence between the other two materials is not prominent.
APA Rutting Test Results.
The APA is a kind of accelerated laboratory rutting test, and it is used to measure the potential for rut on the asphalt mixtures. The conditions of load, the cycle number of wheeling, and temperature are important for consistent testing and accurate results in the field performance [25] . The setting parameters were mentioned in the section discussing the mixture test plan. The results of the APA tests were processed through the moving average of the statistical analysis so that the trend of data was shown clearly. The moving average is a method of data processing to create a series of average data in the full data set. The simple moving average (SMA) [37] is an unweighted mean of selected data and the equation of data samples is shown in (2) . The average of 20 data points (period setting) was used in the statistical analysis. The APA rut depth results of micro-and nanomodified asphalt mixtures are shown in Figure 8 :
Figure 8(a) shows the rut depth data of MCF modified and control asphalt mixtures at the temperature of 58 ∘ C. A lower rut depth in the MCF modified asphalt mixture is presented relative to the control asphalt mixture. However, the rut depths of the 2% MCF modified asphalt mixture are greater than those of the 4% MCF modified asphalt mixture. The rut depths of the 2% and 4% MCF modified asphalt mixture decrease by around 15% and 20%, respectively, in contrast to the control asphalt mixture. This indicates that the high percentages of MCF in the asphalt mixture result in low rutting depths in the modified asphalt mixtures during the APA test. Therefore, the rut susceptibility of the MCF modified asphalt mixture is reduced. The APA rut depth data of the MCF modified asphalt mixtures coincides with the rut factor * / sin and dynamic modulus results. The tube MCFs are homogenously decentralized in the asphalt matrix because they are relatively stable in the natural environment (Figure 7(a) ). The MCFs may increase the strength of adhesion between asphalt and aggregate and may also improve the resistance to permanent deformation in asphalt mixtures due to the high strength of MCFs. It is likely that the microfiber bridges the aggregates and prevents cracking in the asphalt mixtures on the micro scale. Figure 8 (b) displays the APA rut data of Nanomer modified and control asphalt mixtures at a temperature of 58 ∘ C. The testing rut data of Nanomer modified asphalt mixtures is lower than that of the control asphalt mixture, but the testing rut data of the 2% Nanomer modified asphalt mixture is higher than that of the asphalt mixture with 4% Nanomer. The addition of 2% and 4% Nanomer materials into the asphalt mixture decreases the testing depths by an average of 30% and 40%, respectively. The large percentage of Nanomer material in the asphalt mixture may cause the reduction in rutting depths in the modified mixture. Therefore, Nanomer material in the asphalt mixture can improve the rutting resistance of the modified mixture. The APA rut depth results of Nanomer modified asphalt mixtures stay consistent with their dynamic modulus and * / sin results. It is likely that the resistance of the modified asphalt mixtures to permanent deformation is ameliorated due to the "circuitous and expanded brain" structure in the Nanomer modified asphalt (Figure 7(b) ). In Figure 7(b) , it is apparent that the chemical reactions and physical dispersions between the Nanomer material and asphalt occur relative to the base asphalt. This special structure in the Nanomer modified asphalt helps to adhere asphalt to the aggregates, as well as to strongly and fully coat the aggregates. Figure 8 (c) shows the APA rutting data of nanosilica modified and control asphalt mixtures at a temperature of 58 ∘ C. The testing rut depths of the control asphalt mixture are greater than those of the asphalt mixtures with the nanosilica material, and the testing rut data of the asphalt mixture with 6% nanosilica is lower than that of the 4% NS modified asphalt mixture. A content of 4% or 6% NS in the control asphalt mixture can decrease the rut depths in the modified mixtures by an average of 15% and 30%, respectively. It is likely that the higher concentration of NS in the asphalt mixture may result in lower rut depths in the modified asphalt mixtures. Physical dispersions and chemical reactions in the nanosilica took place in the asphalt matrix, and the "tree or leaf" structure in the modified asphalt was formed (Figure 7(c) ). Synthesizing the results of the performance tests, it is apparent that the improvement of rutting resistance in the modified asphalt mixture benefits from these skeleton structures. In addition, it is probable that the hydrophilic state change on the surface of nanosilica helps improve the performance. Figure 8 (d) displays the APA rutting data of the NMN modified and control asphalt mixtures at the temperature of 58 ∘ C. The control asphalt mixture has higher rut depths than both NMN modified asphalt mixtures during the loading cycles, and the permanent deformation of the asphalt mixture with 2% NMN material is higher than the asphalt mixture with 4% NMN. The rut depths of the asphalt mixture with 4% NMN material decrease by around 110% in contrast to the control mixture. Meanwhile, seen from the data trend in Figure 4(d) , it is possible that the higher percentages of NMN material in the control asphalt mixture cause lower rut depths in the modified mixture. NMN material in the asphalt mixture improves the rutting resistance of the modified mixture significantly. The APA rutting data of the asphalt mixture coincides with the * / sin and dynamic modulus results. The improvement in the resistance to permanent deformation may be due to the increase in strength between the asphalt and aggregates. Meanwhile, the strength of adhesion between the NMN modified asphalt and aggregates may increase due to cation exchanges (Figure 7(d) ) in the NMN modified asphalt. The structure of NMN is intercalated with the polymer (asphalt) and leads to the formation of the wrinkled structure in the modified asphalt. Some NMN particles are still dispersed in the asphalt due to the agglomeration of nanomaterials. The microstructure of asphalt potentially affects the macroscopic performance of asphalt mixtures. The NMN modified asphalt mixture becomes stiffer at high temperatures and can resist more loads relative to the control mixture. Figure 8 (e) reveals the rutting test results of the PMN modified and control asphalt mixtures at a temperature of 58 ∘ C. The control asphalt mixture has a higher permanent deformation than both PMN modified asphalt mixtures during the loading cycles. The rut depths of the asphalt mixture with 2% PMN are greater than those of the asphalt mixture with 4% PMN, but the difference between the asphalt mixtures with 2% and 4% PMN materials is not significant. The rut depths of the asphalt mixture with 4% PMN decrease by around 70% compared to the control mixture. It is likely that a higher percentage of PMN added to the control asphalt mixture may result in less permanent deformation of the PMN modified mixture. Therefore, PMN material in the asphalt mixture shows a positive effect on the rutting resistance of the modified mixture. The rut depth data of the control and the asphalt mixture with PMN material coincides with the * / sin and dynamic modulus results. The effective amelioration of the rutting resistance in the modified mixture may be due to the fact that the structure of the layers of PMN is easy to exfoliate and intercalate with the polymer (asphalt) (Figure 7(e) ). The "stair framework and fold zone" in the PMN modified asphalt are formed after the physical scatter and chemical reaction. The adhesive/cohesive strengths between the PMN modified asphalt and aggregates increase. During the loading cycles, the asphalt mixture with the PMN material becomes harder in contrast to the control mixture and can support more loads at high temperatures.
ANOVA Analysis on Rut Depths.
From the APA rutting test results, the micro-and nanomaterials in the asphalt mixtures can reduce the rut depths of the modified mixtures. The statistical significance of rut depths in asphalt mixtures at 58 ∘ C was examined using one-way ANOVA in order to analyze the modifying effect of micro-and nanomaterials on the rutting resistance of the asphalt mixtures. The ANOVA test was operated by the Excel program and the significance level was 0.05. Table 3 displays the ANOVA data of the modified effects of micro-and nanomaterials on the rut depths in these modified mixtures. It is noticed that the values are all generally less than the default significance level in all cases and the values are highly larger than crit . This implies that these materials have significant effects on ameliorating the rutting resistance of the asphalt mixtures. Table 4 reveals the ANOVA results of rut depths between two random mixtures. It is verified that the levels of influence are significant between two sets of random mixtures from the statistical analysis. The modified effects between these micro-and nanomaterials on the rutting resistance are also remarkable. This indicates that the micro-and nanomaterials in the asphalt mixtures can extraordinarily ameliorate the rutting susceptibility of modified mixtures. Synthesizing the rut depths of these modified mixtures in APA tests, the NMN material reduces the rut depths most in contrast to the other materials.
Conclusions
In this study, five kinds of micro-and nanomaterials were selected to modify the asphalt mixture based on the literature review. The properties of micro-and nanomodified asphalt mixtures were evaluated using the Superpave specification tests. These performance tests were carried out, including the dynamic modulus and APA rutting tests. The data processing methods, ANOVA and moving average, were applied to analyze the data reliability and trends, respectively. Based on the performance test and data analysis results, the following conclusions can be summarized:
(1) The addition of micro-and nanomaterials (NMN, PMN, Nanomer, MCF, and NS materials) in the asphalt mixture causes significant improvements in the rut factor * / sin and dynamic modulus of the modified asphalt mixtures. This phenomenon implies that the mechanical properties of these modified asphalt mixtures are enhanced, and the rutting resistance is improved in contrast to the control mixture. The increase in the macroscopic performance in asphalt mixtures is due to different structures of micro-and nanomodified asphalt. Physical dispersions and chemical reactions of modifiers occurred with the asphalt for special characterizations of micro-and nanomaterials in the modified asphalt mixtures. In addition, from the ANOVA analysis, the NMN material has a significant effect on the improvement of the dynamic modulus compared to the other materials used in the study.
(2) The micro-and nanomaterials in the asphalt mixture result in a decrease in the rut depth of the modified mixtures in accordance with the APA rutting test data, which is consistent with the factor * / sin and dynamic modulus results. The extents of the reduction in rut depths in the APA tests of modified mixtures are different. Meanwhile, the ANOVA analysis results indicate that the micro-and nanomaterials used in this study have remarkable benefits on the rutting resistance of asphalt mixtures. The NMN material in the asphalt mixtures can improve the rutting resistance the most compared to the other four types of modifiers (micro-and nanomaterials).
In summary, the use of micro-and nanomaterials (NMN, PMN, Nanomer, MCF, and NS materials) in the asphalt mixture improves the mechanical properties of these modified asphalt mixtures. Based on the test results of micro-and nanomaterials modified asphalt binders in our group [14, 15, 19, 20, 38] , there is an excellent agreement with the results of asphalt mixtures in this study. In addition, future work may focus on additional tests for evaluating the low-temperature performance of asphalt mixtures.
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